Aequidens rivulatus androgen cerebral asymmetry cichlid fish gonadal hormone laterality maternal Lateralization of cerebral functions is a fundamental aspect of the organization of brain and behaviour in vertebrates. Sex differences in human lateralization have inspired researchers to postulate several hypotheses concerning the effect of prenatal testosterone on lateralization, but few experimental studies have examined these hypotheses. We investigated whether prenatal testosterone affects strength or direction of lateralization in a cichlid fish, Aequidens rivulatus. Eggs were given a control or testosterone treatment immediately after spawning, mimicking elevated maternal androgen concentrations towards the high end of the natural range. After 7 months the fish were tested in two rotational preference tests. As expected from earlier studies, control fish showed (nonsignificant) right-eye preference while viewing a predator and (significant) left-eye preference while viewing their mirror image, but no clear sex differences were apparent. A sex-specific effect of our treatment was found in the first test. Only females exposed to elevated prenatal levels of testosterone significantly shifted in direction of lateralization. In the second test no effect of the treatment was found. Our results suggest that mothers have a stronger influence on the lateralization pattern of their daughters than on their sons, but do not support any of the current hypotheses about prenatal testosterone and development of lateralization. Ó
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Lateralization, the asymmetric specialization of functions in the brain, is apparent in most, if not all, vertebrate animals (Vallortigara & Bisazza 2002; MacNeilage et al. 2009; Vallortigara et al. 2011) . In humans, sex differences in lateralization (for a meta-analysis see Papadatou-Pastou et al. 2008) has inspired researchers to hypothesize that prenatal testosterone (pT) is involved in the development of lateralization (reviewed in Pfannkuche et al. 2009 ). One wellcited hypothesis was put forward by Geschwind & Galaburda (1985) and proposed that pT slows neuronal growth in the left hemisphere and consequently leads to compensatory growth in the right hemisphere. Increased levels of pT would thus lead to increased dominance of the right hemisphere. This hypothesis has been extensively criticized in the literature (e.g. Bryden et al. 1994; Berenbaum & Denburg 1995) . Another hypothesis, the sexual differentiation hypothesis, proposes that lateralization is related to the process of sexual differentiation and that early exposure to testosterone causes masculinization of lateralization (Hines & Shipley 1984) . Finally, the callosal hypothesis states that pT increases axonal pruning in the corpus callosum of males, which leads to a decrease in communication between the hemispheres and therefore increases the strength of lateralization (Witelson & Nowakowski 1991) . This hypothesis only applies to mammals, as nonmammals have no anatomic structure homologous to the corpus callosum.
Although these hypotheses were inspired by sex differences in human lateralization, testing them on humans is limited by ethical concerns and human research has therefore focused on an observational approach. Unfortunately this approach, using either nonrandom clinical samples of individuals with abnormal prenatal exposure to gonadal hormones or indirect markers for pT, has lead to ambiguous results. Some studies, using clinical samples, found that girls prenatally exposed to higher levels of testosterone show enhanced left-hemisphere dominance of language (Hines & Shipley 1984), whereas others found no effect on language lateralization (Smith & Hines 2000; Mathews et al. 2004 ). Similar studies found that high pT leads to reduced right-hand preference (Schachter 1994; Mathews et al. 2004 ), others to increased left-handedness (Nass et al. 1987; Scheirs & Vingerhoets 1995; Kelso et al. 2000; Smith & Hines 2000) and one study found no effect on handedness (Helleday et al. 1994) . Furthermore, some studies, using indirect markers for pT such as 2D:4D digit ratio, adult testosterone levels or sex of the co-twin, found a positive correlation between high levels of pT and right-handedness (Moffat & Hampson 1996; Gadea 2003) , whereas others found a negative (Tan 1991) or no correlation (Beaton et al. 2011) . Only three studies measured pT directly in amniotic fluid and correlated this with lateralization patterns of the resulting children. Again inconsistent results were found: Grimshaw et al. (1995) found that higher pT exposure was related to increased left-hemisphere specialization of speech in * Correspondence: S. M. Schaafsma, Behavioural Biology, Center for Behaviour and Neurosciences, University of Groningen, PO Box 11103, 9700 CC Groningen, The Netherlands.
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